Abstract. We characterize Heegaard splittings of twisted I-bundles over closed nonorientable surfaces and prove that there is only one irreducible splitting, which is obtained by taking a boundary parallel surface and adding a vertical 1-handle. Then we use the result to prove that irreducible Heegaard splittings of orientable Seifert manifolds with nonorientable base space are either vertical or horizontal.
Introduction
The purpose of this paper is to complete the characterization of irreducible Heegaard splittings of orientable Seifert fibered spaces which was given by Moriah and Schultens in [6] for the totally orientable case to the case of orientable Seifert fibered spaces whose fibration is not orientable.
The main Theorem of the paper, which is analogous to [6, Theorem 0.1], is the following.
Theorem 3.19. Let M be an orientable Seifert fibered space with nonorientable base space. Then every irreducible Heegaard splitting of M is either vertical or horizontal.
In order to prove Theorem 3.19 we make use of the results Schultens proved in [12] , after equipping a Seifert fibered space with boundary with a totally orientable generalized graph structure.
As a preliminary result we characterize Heegaard splittings of irreducible twisted I-bundles over nonorientable closed surfaces; this analysis is a natural completion of Scharlemann's and Thompson's paper ( [9] ), and is needed to deal with weakly reducible splittings of Seifert fibered spaces. The result is the following Theorem. This result relies on a description of incompressible surfaces which can be derived from [4, Theorem VI.34 ], but here we give an elementary proof.
The paper is organized as follows. Section 1 is devoted to the definition of Heegaard splittings of a compact 3-manifold M and to the recollection of known properties of such structures. In particular, we recall the notion of weak reduction of a pair (M, Σ), where Σ is a Heegaard surface in M, and that of amalgamation of two such pairs. We also recall Scharlemann's and Thompson's characterization of Heegaard splittings of handlebodies and of products F × I, with F a closed orientable surface.
In Section 2 we turn our attention to orientable manifolds which admit a twisted I-bundle structure over some closed nonorientable surface, and obtain Theorem 2.11 using the following description of incompressible surfaces, which is proved directly.
Proposition 2.6.
Let S be an incompressible connected closed surface properly embedded in M = F×I. Then either S is parallel to ∂M, or is isotopic to the 0-section F of M.
Section 3 deals with orientable Seifert fibered spaces which do not admit a totally orientable Seifert structure. A natural Heegaard splitting structure on such manifolds is that of a vertical splitting, which is defined as in the totally orientable case. But there are manifolds where the structure of a horizontal splitting can arise, and the two structures are often distinguished by the genus of the Heegaard surface. The definition of horizontal splitting is analogous to that given in the totally orientable case, taking care of the different properties of horizontal surfaces.
We first focus on strongly irreducible splittings of manifolds with nonempty boundary. We equip such a manifold with a totally orientable generalized graph structure, and then use Schultens's [12, Theorem 1.1] to find a suitable isotopy of the Heegaard surface. We obtain the following Theorem.
Theorem 3.12. Any strongly irreducible Heegaard splitting of a Seifert fibered space with nonorientable base and nonempty boundary is vertical.
Strongly irreducible Heegaard splittings of manifolds with boundary are known to be the "building blocks" of weakly reducible splittings. More precisely, any weakly reducible splitting of any manifold M (with boundary or not) can be obtained by amalgamation of strongly irreducible splittings of manifolds which can be obtained by cutting M along suitable incompressible surfaces. We apply this idea and prove the following Theorem.
Theorem 3.14. Any weakly reducible Heegaard splitting of a Seifert fibered space with nonorientable base is vertical.
The only case left out is that of strongly irreducible splittings of closed Seifert manifolds. Here we follow very closely Moriah's and Schultens's paper [6] . First, using strong irreducibility one shows that it is possible to push some fiber f into the Heegaard surface Σ. Then one looks at what Σ looks like in the complement of a fibered neighbourhood of f in M. It turns out that if it is incompressible then either the given splitting is horizontal or the manifold M is a lens space, and that if it is compressible then the given splitting is vertical. As Heegaard splittings of lens spaces are already characterized ( [1] , [6] ), we obtain Theorem 3.19.
I wish to thank Luisa Paoluzzi for many helpful discussions. I also wish to thank Carlo Petronio for suggesting me to work on this subject.
Preliminaries
This section is devoted to the description of Heegaard splittings and their properties. In particular, Lemma 1.6, due to Scharlemann, is of importance. We define the operations of weak reduction of a pair (M, Σ), where M is a compact 3-manifold and Σ a Heegaard surface in M, and of amalgamation of two such pairs, and finally recall Scharlemann and Thompson's results on irreducible splittings of handlebodies and products (closed orientable surf ace) × I.
Compression bodies and Heegaard splittings
A compression body W is a 3-manifold constructed by gluing 2-handles to S × I, where S is a closed orientable connected surface, along a collection of disjoint simple closed curves contained in S × {0}, and capping off any sphere component originating from S × {0} with a 3-handle. The connected component S ×{1} of ∂W is denoted by ∂ + W , while ∂ − W denotes ∂W \∂ + W . A compression body W = ∂ + W ×I is called trivial, while a compression body W such that ∂ − W = ∅ is called a handlebody. The genus of W is the genus of ∂ + W .
There is a dual method for constructing compression bodies. One can start with a (perhaps empty) closed orientable non necessarily connected surface S with no sphere components and a ball B and glue k 1-handles on (S × {1}) ∪ ∂B ⊂ (S × I) ∪ B in such a way that the resulting manifold is connected. Then the resulting manifold is a compression body W with ∂ − W = S × {0}, whose genus is k − 1 2 χ(S). The cocores of the 1-handles are called meridian disks. A collection Υ of meridian disks for a compression body W is called complete if W \ Υ is either a ball or a trivial compression body.
Remark 1.1. Let W be a compression body, and ∆ a collection of properly embedded disks in W . Then the 3-manifold W ′ obtained from W by cutting along ∆ is a union of compression bodies. If in addition ∂∆ ⊂ ∂ + W , then
A properly embedded 1-complex Q such that W collapses to Q ∪ ∂ − W is called a spine of W . A simple closed curve contained in a spine of W is called a core of W .
Spines are related to meridian disks in the following way. Given a meridian disk D, the core of the 1-handle whose cocore is D is an edge of a spine Q, namely the spine formed by the cores of the 1-handles used to build W . Vice-versa, given a spine Q, as W is a regular neighbourhood of Q ∪ ∂ − W , it can be constructed by gluing 1-handles to ∂ − W × I using the edges of Q as cores, and the cocores of these handles are meridian disks. Definition 1.2. Given a 3-manifold M, a closed connected properly embedded orientable surface Σ is a Heegaard surface (or a splitting surface) for M if M \ Σ consists of two compression bodies W 1 , W 2 with
The genus of (W 1 , W 2 ) is the genus of Σ.
In the following, Heegaard surfaces will always be considered up to isotopy. Definition 1.3. Given a 3-manifold M and a Heegaard surface Σ for M, the surface Σ ′ obtained by taking the connected sum of pairs (M, Σ)#(S 3 , T ), where T is a torus splitting S 3 into two solid tori, is called the stabilization of Σ. The Heegaard surface constructed this way is stabilized.
An equivalent condition for a Heegaard splitting to be stabilized is the existence of properly embedded disks 
such that:
The following result can be found in [8, Lemma 3.10] . 
Amalgamation and weak reductions of Heegaard splittings
Throughout the whole paper, for X a submanifold or a complex in a manifold M, by η(X) we will denote a regular neighbourhood of X in M. 
where p M and p N denote the projection onto the first coordinate in B M × I and B N × I respectively.
Up to isotopies, we can assume that the attaching disks for W 
) via 1-handles, and so is a compression body. Analogously, W 2 is ob-
We now reformulate a result which comes from [10] . 
Twisted I-bundles over surfaces
Now we will let F denote a genus g closed nonorientable surface different from RP 2 , and M = F×I will be the unique orientable 3-manifold which fibers over F with fiber I (unicity follows from [3, Theorem 10.3]); let π : F×I → F be the fibration map. We choose a point p ∈ F , and we denote by γ the vertical arc π −1 (p). We choose also simple closed 1-sided curves α 1 , ..., α g ⊂ F mutually intersecting only in p such that F \ (α 1 ∪ ... ∪ α g ) is a disk and that for every i the preimage
is a Moebius band; we denote by P the prism obtained cutting M along A 1 ∪ ... ∪ A g , and A ′ i , A ′′ i will be the sides of P that are glued together to obtain A i . Figure 1 depicts P when F is the Klein bottle. In the following we will identify the 0-section of M with the surface F ; observe that the restriction of π to ∂M is an orientable connected double covering of F . Remark 2.1. As F = RP 2 , we are dealing with an irreducible manifold. 
By abuse of notation we set ∂P
, and let Π : P → M be the application that glues the sides of P among themselves and builds
but cannot be extended to a continuous map of ∂P to itself.
From now on, we will abuse notation and for X a subset of M we will set
Trivial and standard splittings
As ∂M is connected, any Heegaard surface for M gives rise to a compression body and a handlebody. From now on we will call W 2 the genuine compression body, and W 1 the handlebody.
We shall now describe a natural Heegaard splitting of M. Let f = π −1 (q) be a fiber of M; then a regular neighbourhood of ∂M ∪ f is a compression body W 2 which admits f as a spine, and it is straightforward that 
Incompressible surfaces in F×I
Our goal now is the following Theorem. Theorem 2.11. Let F = RP 2 be a closed nonorientable surface. Then every Heegaard splitting of F×I is standard.
To prove it, we will need the following characterization. It can be derived from [4, Theorem VI.34], but here we prove it directly. 2. an arc whose endpoints lie on the same connected component of Π −1 (γ) (such an arc will be called an inessential arc); 3. an arc whose endpoints lie on different connected components of Π −1 (γ) (such an arc will be called an essential arc).
Simple closed curves can be eliminated by an isotopy with a standard innermost disk argument, using the incompressibility of S and irreducibility of M.
Inessential arcs can also be eliminated by a standard outermost arc argument (we might have to get rid of new s.c.c.'s, but note that when a s.c.c. is eliminated no new inessential arc is produced): when K is cut along such an arc, one obtains two disks, one of which (call it D) is such that D ∩A(D) = ∅, and then Π(D) is a disk also in M.
Then we are left only with essential arcs on each side, i.e. the intersection S ∩ ∂P consists of m curves which intersect every side in only one arc each. Then we have three possible cases, according to the value of m.
Case 1: m = 1. In this case we have a single curve τ such that A(τ ) = τ , and using the incompressibility of S ∩ P and the irreducibility of M one can isotope S ∩ P to F ∩ P , hence also S to F . Case 2: m is even. In this case we first use an innermost tube argument to reduce ourselves to the case m = 2; then we use again incompressibility so to make S ∩ P consist of two disks, that is, S ∩ P is parallel to ∂M ∩ P , hence S is parallel to ∂M.
Case 3: m > 1 is odd. In this case we can apply the argument used to eliminate pairs of curves intersecting F ∩ ∂P to reduce ourselves to the case m = 1.
Towards Theorem 2.11
Let us consider the Morse function h associated to the given splitting Σ. Up to a little isotopy, we may assume that h, h| ∂P and h| γ are all Morse with distinct critical values, and each x ∈ [0, 1] is a critical value of at most one of them (recall that γ is the fiber corresponding to non-boundary edges of ∂P ). We may as well require that no critical point of h belongs to ∂P and that no critical point of h| ∂P belongs to γ. Remark 2.7. As ∂M is connected, the number of critical values of h| γ is odd, hence at least 1. Now the proof falls into two cases. Figure 2 and set c ′ = π −1 (c) ∩ ∂M ′ ; then set c ′′ equal to any of the two connected components of π
Remark 2.10. When F is not the Klein bottle one sees that the same choice of curves works by constructing F as K 2 #F ′ (recall that F = RP 2 ), thus removing from K 2× I a neighbourhood of the fiber corresponding to the vertical edges of the prism P K 2 and from F ′× I a neighbourhood of the fiber corresponding to vertical edges of the prism P F ′ , and then pasting the two manifold via a fiber preserving homeomorphism.
When we remove a tubular neighbourhood of the vertical arcs embedded in M ′ and M ′′ to obtain Σ, A ′ and A ′′ become disks on different sides of Σ whose boundaries intersect in a single point. Hence Σ is stabilized, and so reducible. 
Putting pieces together
We can now prove the following Theorem. Proof. Let h be the Morse function associated to the given splitting, choose a fiber γ, and let n be the number of critical points of h| γ . If n = 1, by Proposition 2.8 the splitting is either trivial (so we are done) or reducible. If n > 1, by Proposition 2.8 the splitting is weakly reducible, hence by Proposition 2.9 it is reducible. As F×I is irreducible, any reducible splitting is stabilized: this shows that we can destabilize the given splitting until we get a trivial one, i.e. the splitting is standard.
Seifert manifolds with nonorientable base
We now turn our attention to Seifert fibered spaces whose fibration is nonorientable. Our plan is the following: we first treat manifolds with nonempty boundary, by finding a totally orientable generalized graph structure on such manifolds, and using Schultens's result [12, Theorem 1.1] to isotope any strongly irreducible Heegaard surface into a suitable position; here Proposition 3.8 plays a central role. Then we deal with weakly reducible splittings with the standard weak reduction and amalgamation argument, and using Lemma 3.7. Here we will have to use Theorem 2.11 to deal with pieces which are twisted I-bundles over surfaces.
Finally, strongly irreducible splittings of closed manifolds are left, and these are dealt with using Moriah's and Schultens's techniques ( [6] ). Again, we will fall upon some twisted I-bundles and use Theorem 2.11 to deal with them.
We begin by recalling a few known facts. Remark 3.2. In the whole of the present work we will assume our manifold to be irreducible and to admit an incompressible vertical torus. This is not a gap in the characterization because:
• We now state the results proved in [12] , in order to use them to describe Heegaard splittings of Seifert manifolds with nonorientable base.
Definition 3.3.
A surface Σ in a Seifert fibered manifold M is vertical if it is saturated with regard to the Seifert fibration; it is horizontal if it intersects every fiber transversely, and it is pseudohorizontal if there is a fiber f ⊂ Σ such that Σ ∩ (M \ η(f )) is horizontal in M \ η(f ). A surface Σ is called pseudovertical if it can be obtained by a collection A of properly embedded vertical surfaces via 1-surgery along a collection Γ of arcs with endpoints on A which projects to an embedded collection of arcs in S.
Given some pseudovertical surface Σ, by general position we can avoid intersections between singular fibers and Σ's graph Γ. Setting F = {singular fibers} if this is nonempty, and F = {one regular fiber } otherwise, as M admits a section out of a neighbourhood of F , we can identify S * = S \ π(η(F )) with its image via this section. Then, as each arc is contractible, we can isotope Γ until it lies in S * . As the following Lemma shows, it is very easy to produce new representations of a given pseudovertical surface that correspond to isotopies. Proof. The required isotopy consists in pushing the chosen arc along the vertical direction until the whole fiber has been traversed. Once more we remark that this is possible because the fibration is trivial over Γ.
Hence we have a move that we can perform on the system of curves and arcs (A∪Γ)∩S * that changes the pseudovertical surface via an isotopy. Such a move will be called a swap. Note that if α ′ is the arc obtained performing a swap along some arc α, when we perform a swap along α ′ we get back the same arc α and the same vertical surfaces.
Remark 3.5. Let M be a Möebius band contained in the base S, and suppose A contains π −1 (∂M). Suppose further that one of the arcs in Γ (call it γ) is entirely contained in M. Then, either γ cobounds a disk together with a subarc of ∂M, or γ is essential in M. In the latter case, swapping along γ produces an inessential vertical torus (because cutting M along γ gives a disk) and an arc γ ′ outside it. As the topology of S has not changed, we conclude that swapping along an arc which is essential in some cross-cap of S has merely the effect of pushing the cross-cap through A.
We will now recall the definition of vertical Heegaard splittings of a Seifert fibered manifold.
Let M be a Seifert fibered manifold with genus-g base S, exceptional fibers F = {f 1 , ..., f m } and boundary components B = {B 1 , ..., B n }; and let E = {e 1 , ..., e m } be the set of exceptional points on S and {b 1 , ..., b n } the set of boundary components of S. Finally, let σ i , for i = 1, ..., n, be a parallel copy of b i such that the annulus cobounded by σ i and b i contains no exceptional points, and let Σ i be the vertical torus over σ i . Then there are three possibilities:
• if n > 0, i.e. if ∂M = ∅, fix a boundary component B and partition B \ {B} into subsets B 1 and B 2 and E into subsets E 1 and E 2 ;
• if n = 0 and m > 0, then fix an exceptional fiberf and partition E \{f} into subsets E 1 and E 2 , and set B 1 = B 2 = ∅;
• if n = m = 0 then set
Now fix a regular base point p ∈ S and choose a properly embedded graph Γ ⊂ S \ {σ i |B i ∈ B 1 } having {p} ∪ E 1 as vertex set and such that S \ (Γ ∪ {σ i |B i ∈ B 1 }) is a regular neighbourhood of ∂S ∪ (E \ E 1 ) or of a point if this set is empty.
Note that the Seifert fibration admits a section when restricted over Γ; we now identify Γ with its image in M via this section. If both n, m = 0 add to Γ the regular fiber over p. Let Σ be the surface obtained via 1-surgery on
It follows from the very definition that the surface Σ is a pseudovertical surface. It is not difficult to prove, using the swap move, that Σ is indeed a Heegaard surface. The following Proposition is very powerful, and will be used later.
Proposition 3.8. An irreducible Heegaard splitting of a Seifert fibered manifold with base orbifold S is vertical if and only if the corresponding Heegaard surface is pseudovertical.
Remark 3.9. If a compression body W admits a Seifert fibration, then either W = (annulus) × S 1 or W is a solid torus.
Proof of Proposition 3.8.
We only have to prove the "if" part of the Proposition. First of all, note that given a separating pseudovertical surface Σ, the corresponding family of vertical surfaces A is also separating. This is because it is obtained from Σ by repeated compression of 1-handles, and at each stage the homology class of the surface does not change. In particular, compressing a separating surface yields a (perhaps disconnected) separating surface.
Recall that thanks to general position we ensured that singular fibers are disjoint from Γ, and observe that no isotopy can make one of them lie in A, or we would lose (proper) embeddingness. Now perform swaps so that Γ lies entirely on the same side of A, and cut M along A. What we get is a connected component containing Γ, and a (perhaps disconnected) part not containing Γ. The latter is Seifert fibered and is obtained by compressing a compression body along the cocores of its 1-handles, hence it is a union of (annuli) × S 1 and solid tori thanks to Remark 1.1 and Lemma 3.9; hence this part of S consists of annuli without exceptional points and disks with at most one exceptional point each.
Now cut the other part of S along Γ. To see which pieces one gets, we can swap along Γ and look at the connected components not containing the new set of arcs. This again corresponds to perform compressions of the 1-handles of a compression body. Hence, these pieces are again annuli without exceptional points and disks with at most one exceptional points each.
Hence cutting along Γ kills the whole genus of S and does not leave any two components of ∂S ∪F in the same complementary connected component, thus the splitting is vertical.
Graph structures
We will now make use of some definitions and results of [12] . Definition 3.10. Let M be a 3-manifold. A generalized graph structure on M is a finite graph Γ, with vertex set V and edge set E, such that:
• to each v ∈ V we can associate a 3-manifold M v which is either Seifert fibered or homeomorphic to S v × I, with S v a compact surface;
• to each e ∈ E we can associate a 3-manifold M e homeomorphic either to T 2 × I or to A × I, with A an annulus;
• to each incidence of an edge e to a vertex v such that M e is homeomorphic to T 2 × I we can associate an orientation reversing homeomorphism of a boundary component of M e with a boundary component of M v (note that in this case M v must be Seifert fibered);
• to each incidence of an edge e to a vertex v such that M e is homeomorphic to A×I we can associate an orientation reversing homeomorphism of a connected component of (∂A) × I with a subannulus of ∂M v which is saturated when M v is Seifert fibered and is a connected component of (
• for all vertex manifolds M v ∼ = S v × I the valence of v is equal to the number of connected components of (∂S v ) × I;
The pair (M, Γ) is called a generalized graph manifold. When a 3-manifold M will be given a fixed generalized graph structure, we will abuse language and call M a generalized graph manifold.
A portion of the boundary of a vertex manifold M v which is contained in ∂M will be called an exterior boundary, and the union of all exterior boundaries of M v will be denoted by
A generalized graph manifold will be called totally orientable if all of its Seifert vertex manifolds are totally orientable as Seifert manifolds, and all S v 's are orientable surfaces.
In [12, Theorem 1.1] Schultens proves the following. (ii). M e ∼ = T 2 × I and there are simple closed curves c, c
Manifolds with boundary
Our goal is to study irreducible Heegaard splittings of Seifert manifolds with nonorientable base. The idea is the following: we first consider the case of a manifold with nonempty boundary, equipping it with a totally orientable generalized graph structure, and then we use Theorem 3.11 to have a characterization of strongly irreducible Heegaard splittings. The case of closed manifolds follows from the same arguments used in [6] . Finally, we use the amalgamation argument of Theorem 1.8 to resolve irreducible but weakly reducible splittings. Let M be an orientable Seifert fibered manifold with nonorientable base S and nonempty boundary, and fix a boundary component B of S. Call g the genus of S. Let α 1 , ..., α g ⊂ S be properly embedded arcs having boundary on B such that S \ (α 1 ∪ ... ∪ α g ) is a disk with holes, taking care that no arc passes through an exceptional point.
Let A i be the annulus π −1 (α i ) for i = 1, ..., g. These have boundary on the torus T = π −1 (B); when we cut M along the A i 's we get a Seifert manifold M 0 with base a planar surface and the same exceptional fibers as M. For all i now connect A ′ i to A ′′ i with a copy of A i × I: as this retracts over A i , the result is the same manifold M. Now consider the graph Γ given by the wedge of g copies of S 1 , with vertex set V = {v 0 } and edge set E = {e 1 , ..., e g }. We associate M 0 to v 0 and A i × I to e i for all i; then we realize the incidence of e i on v 0 by gluing A We have thus given (M, Γ) a totally orientable generalized graph structure. Note that the very same construction works when M is totally orientable, and the graph Γ is nontrivial in this case. Proof. Let Σ be the Heegaard surface, and equip M with the totally orientable generalized graph structure described above, denoting again with M 0 the vertex manifold. We apply Theorem 3.11, and find an isotopy of Σ so that the following conditions are satisfied:
1. Σ∩M 0 is either horizontal, vertical, pseudohorizontal or pseudovertical.
Note that any horizontal or pseudohorizontal surface must be horizontal near ∂ M M 0 , in particular Σ would meet ∂M, which is clearly absurd. Hence Σ ∩ M 0 is either vertical or pseudovertical.
2. For all i the intersection Σ i = Σ ∩ (A i × I) either consists of incompressible annuli or is obtained from such a collection by 1-surgery along one single arc isotopic into ∂(A i × I). For the same reason we excluded (pseudo)horizontal components before, we see that each annulus in the collection has boundary in A i × {0, 1}.
Note that possibility (ii) of Theorem 3.11 cannot occur because all edge manifolds are homeomorphic to (annulus) × I. Now fix an edge manifold A i × I. Note that a closed curve contained in A i × {0, 1} can be extended locally into M 0 to a vertical surface. Hence, if we have no added arcs, then every incompressible and boundary parallel annulus in A i × I can be pushed through A i × {0, 1} using an innermost argument, and the (pseudo)verticality of Σ ∩ M 0 is preserved. Hence, if we have no added arcs, we can assume that every connected component of Σ i is an annulus which is vertical in the fibration A i × I → A i .
If we have an added arc α in A i × I, note first that it must have endpoints on different components of Σ i , otherwise Σ would be stabilized. If α connects two annuli which are vertical in the fibration A i × I → A i we may push it through A i × {0} to a horizontal arc in M 0 . If Σ ∩ M 0 was vertical, it is now pseudovertical; if it was pseudovertical this condition is preserved, as we may keep α in a neighbourhood of A On the other hand, if α connects two boundary parallel annuli, we have two cases:
1. the two annuli have boundary on the same connected component of A i × {0, 1}. We can then push α through A i × {0, 1} as before.
2. the two annuli have boundary on different components of A i × {0, 1}. Then we can isotope the corresponding component of Σ i until it is obtained by adding a "dual" horizontal arc α ′ to two vertical annuli (see Figure 4) . Again, we reduce ourselves to the case when we have no arcs in A i × I.
To sum up, we have found an isotopy that puts Σ∩M 0 in (pseudo)vertical position, and the Σ i 's all consist of vertical annuli. When we retract the edge manifolds A i ×I onto A i to recover M, the effect is to retract every connected component of Σ i to a fiber of M. That is, Σ is a vertical or pseudovertical surface. As it is connected, in the former case it is a torus, i.e. M admits a genus 1 Heegaard splitting and hence M is a lens space, whose splittings are all vertical by [1] . In the latter case, Proposition 3.8 implies that the splitting is vertical.
Weakly reducible splittings
Now M will denote an orientable Seifert manifold with nonorientable base, perhaps with boundary.
Lemma 3.13 (Jaco) . Let F be a two-sided incompressible surface in M. Then either F is a vertical torus or annulus, or it splits M into two parts both homeomorphic to a twisted product B×I, or is boundary parallel.
Proof. According to [4, Theorem VI .34], we only need to show that there is no fibration M → S 1 which admits F as a fiber. But such a fibration would induce an orientation on the Seifert fibration we have on M, and this is a contradiction because a "positive" vector along the fiber would induce an orientation on the base S. Proof. Thanks to Remark 3.2, we can always find a curve γ ⊂ S that avoids all exceptional points in S and its preimage under the projection map is an incompressible torus T .
As Σ is weakly reducible, there are disjoint families of essential compressing disks ∆ i ⊂ W i for i = 1, 2 such that the surface Σ * obtained compressing Σ along ∆ 1 ∪ ∆ 2 is incompressible, and each connected component of M \ Σ * inherits a strongly irreducible Heegaard splitting from M (recall Theorem 1.8). We choose the ∆ i 's with the additional constraint that (genus(Σ * ), |Σ * ∩ T |) is minimal according to lexicographical order. Let Σ * 1 be a connected component of Σ * . Thanks to Lemma 3.13, we have two possibilities for Σ * 1 :
1. Σ * 1 is a horizontal surface, and separates M into two twisted I-bundles over a surface F . In this case all components of Σ * are parallel.
Let c be a connected component of Σ * 1 ∩ T ; as both surfaces are incompressible and the number of intersections of T and Σ * was chosen to be minimal, c is essential in both. Let N i (i = 1, 2) be the connected com-
If at least one of the N i 's is a product, then Σ * has at least 2 connected components and the same argument of Proposition 2.9 applies to show that Σ is reducible.
If both N i 's are twisted products, then Σ * 1 is the only connected component of Σ * , and M is built by gluing together two copies of F×I along some finite-order homeomorphism between their boundaries. We have exactly one vertical arc α i embedded in each of the N i 's which induces a Heegaard splitting on it: we choose α i to lie in the vertical annulus A i which has c as boundary and which is contained in T ∩ N i , and we make sure that (
Note that as T is two-sided in M, the D i 's can be pushed away from T so that
In addition, Figure 5 shows that ∂D i are nonseparating in Σ * , hence they are essential (see Remark 2.10 for the case when F is not the Klein bottle; F cannot be a projective plane, or the ramified covering map F → S would be a genuine homeomorphism, and its inverse would be a section of the fibration and M ∼ = RP 2× S 1 against our assumption). Now compress Σ along D 1 ∪ D 2 . This gives a new surface which might or not be compressible. If it is, we may compress it further to get an incompressible surface whose genus is smaller than Σ * 's. If it is incompressible, we have an incompressible surface with genus equal to Σ * 's that intersects T fewer times that Σ * does. In any case, we have a contradiction thanks to the choice of ∆. Hence no component of Σ * is a horizontal surface.
2. All components of Σ * are then vertical tori. Thanks to Theorem 1.8, Σ is obtained by amalgamation of Heegaard splittings of the connected components of M \Σ * . As these manifolds have boundary, all Heegaard splittings induced there are vertical thanks to Theorem 3.12. Hence Σ gives a vertical Heegaard splitting thanks to Proposition 3.7.
The proof is complete. 
Horizontal splittings
It is straightforward from the definition that every Seifert manifold admits vertical Heegaard splittings. We shall now describe, following [6] , another construction that may give rise to a Heegaard splitting.
Let M * be a Seifert manifold with nonorientable base and one boundary component, and let S be a horizontal two-sided surface (which always exists as ∂M * = ∅). Thanks to Lemma 3.13, S splits M * into two twisted I-bundles W * 1 , W * 2 over surfaces F 1 ∼ = F 2 . As in the construction that leads to Definition 2.2, each of the H i 's is a handlebody. The annuli A i = ∂F i× I, for i = 1, 2, are glued together to build up ∂M * . Fix a Dehn filling of ∂M * , and suppose we obtain a Seifert manifold M. Set W 1 = W * 1 and W 2 = W * 2 ∪ V , where V is the solid torus in the Dehn filling, and let Σ = ∂W 1 = ∂W 2 . Note that Σ embeds in M. In order for Σ to be a splitting surface for M, W 2 must be a handlebody. As in the totally orientable case, the right condition for this to happen is to choose the Dehn filling to glue ∂F 2 to a generator of π 1 (V ). Note that this is equivalent to say that the gluing must have a matrix a b c d ∈ GL(2, Z) with a = 1 in the framing determined by (∂F 1 , regular fiber ).
Definition 3.15. Let M be a Seifert fibered manifold with nonorientable base, and f a fiber. Let S be a horizontal surface in M * = M \ η(f ). If M is constructed from M * via a (1, n) Dehn filling, then the Heegaard splitting constructed above is called a horizontal splitting corresponding to the fiber f .
Closed Seifert manifolds
Throughout this section M will be a Seifert manifold with nonorientable base and no boundary. This section is devoted to the study of Heegaard splittings of such manifolds, and it follows very closely [6 Note that Σ * * 0 ∪ (Σ ∩ η(f )) cannot be an incompressible torus, because it can be isotoped entirely into W 2 .
In both cases we may perform a small isotopy so to push f into W 2 , so that it becomes a core. We may now remove a neighbourhood of f from M to obtain a manifold homeomorphic to M * that admits Σ as a splitting surface. This splitting is vertical by Theorems 3.12 and 3.14, and it is straightforward from Definition 3.6 that the given splitting is also vertical.
We claim that Σ * * 0 cannot split M * into two twisted I-bundles W * * 1 , W * * 2
(which are handlebodies, as the surface they fiber on has boundary), or Σ would be reducible. In fact, Σ induces a Heegaard splitting on W * * 1 as follows (recall that ∆ ⊂ W 2 , and that we get W 1 from W * * 1 by drilling out tunnels along the cocores of ∆): first push Σ ∩ η(f ) through ∂M * , then glue the 1-handles that compose W 2 ∩ W * * 1 to a collar of ∂W * * 1 in W * * 1 to obtain a compression body W 
